-The metabolic status of the kidney is a determinant of injury susceptibility and a measure of progression for many disease processes; however, noninvasive modalities to assess kidney metabolism are lacking. In this study, we employed positron emission tomography (PET) and intravital multiphoton microscopy (MPM) to assess cortical and proximal tubule glucose tracer uptake, respectively, following experimental perturbations of kidney metabolism. Applying dynamic image acquisition PET with 2-18 fluoro-2-deoxyglucose ( 18 F-FDG) and tracer kinetic modeling, we found that an intracellular compartment in the cortex of the kidney could be distinguished from the blood and urine compartments in animals. Given emerging literature that the tumor suppressor protein p53 is an important regulator of cellular metabolism, we demonstrated that PET imaging was able to discern a threefold increase in cortical 18 F-FDG uptake following the pharmacological inhibition of p53 in animals. Intravital MPM with the fluorescent glucose analog 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxyglucose (2-NBDG) provided increased resolution and corroborated these findings at the level of the proximal tubule. Extending our observation of p53 inhibition on proximal tubule glucose tracer uptake, we demonstrated by intravital MPM that pharmacological inhibition of p53 diminishes mitochondrial potential difference. We provide additional evidence that inhibition of p53 alters key metabolic enzymes regulating glycolysis and increases intermediates of glycolysis. In summary, we provide evidence that PET is a valuable tool for examining kidney metabolism in preclinical and clinical studies, intravital MPM is a powerful adjunct to PET in preclinical studies of metabolism, and p53 inhibition alters basal kidney metabolism. positron emission tomography; multiphoton microscopy; kidney; p53 IT IS WIDELY APPRECIATED THAT kidney tubule metabolism is a critical determinant of both kidney function under physiological conditions and dysfunction in a variety of disease processes such as acute kidney injury (AKI) (31). More specifically, there is a growing awareness that understanding proximal tubule metabolism is a key component toward elucidating the overall susceptibility of the kidney to disease and injury. The application of drugs targeting glucose uptake in the proximal tubule for the treatment of diabetes mellitus has recently underscored this issue. Historical interpretation of studies from heterogeneous ex vivo preparations suggests that glucose utilization for glycolysis by the proximal tubule is minimal (17, 32). However, recent studies suggest that proximal tubule glycolytic flux plays an important role under various stressors and in diverse pathophysiological conditions (14, 15, 24, 34) . Nonetheless, a detailed examination and understanding of kidney glucose metabolism in vivo is lacking in large extent to the absence of tools to examine this process in vivo.
-The metabolic status of the kidney is a determinant of injury susceptibility and a measure of progression for many disease processes; however, noninvasive modalities to assess kidney metabolism are lacking. In this study, we employed positron emission tomography (PET) and intravital multiphoton microscopy (MPM) to assess cortical and proximal tubule glucose tracer uptake, respectively, following experimental perturbations of kidney metabolism. Applying dynamic image acquisition PET with [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] fluoro-2-deoxyglucose ( 18 F-FDG) and tracer kinetic modeling, we found that an intracellular compartment in the cortex of the kidney could be distinguished from the blood and urine compartments in animals. Given emerging literature that the tumor suppressor protein p53 is an important regulator of cellular metabolism, we demonstrated that PET imaging was able to discern a threefold increase in cortical 18 F-FDG uptake following the pharmacological inhibition of p53 in animals. Intravital MPM with the fluorescent glucose analog 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxyglucose (2-NBDG) provided increased resolution and corroborated these findings at the level of the proximal tubule. Extending our observation of p53 inhibition on proximal tubule glucose tracer uptake, we demonstrated by intravital MPM that pharmacological inhibition of p53 diminishes mitochondrial potential difference. We provide additional evidence that inhibition of p53 alters key metabolic enzymes regulating glycolysis and increases intermediates of glycolysis. In summary, we provide evidence that PET is a valuable tool for examining kidney metabolism in preclinical and clinical studies, intravital MPM is a powerful adjunct to PET in preclinical studies of metabolism, and p53 inhibition alters basal kidney metabolism.
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IT IS WIDELY APPRECIATED THAT kidney tubule metabolism is a critical determinant of both kidney function under physiological conditions and dysfunction in a variety of disease processes such as acute kidney injury (AKI) (31) . More specifically, there is a growing awareness that understanding proximal tubule metabolism is a key component toward elucidating the overall susceptibility of the kidney to disease and injury. The application of drugs targeting glucose uptake in the proximal tubule for the treatment of diabetes mellitus has recently underscored this issue. Historical interpretation of studies from heterogeneous ex vivo preparations suggests that glucose utilization for glycolysis by the proximal tubule is minimal (17, 32) . However, recent studies suggest that proximal tubule glycolytic flux plays an important role under various stressors and in diverse pathophysiological conditions (14, 15, 24, 34) . Nonetheless, a detailed examination and understanding of kidney glucose metabolism in vivo is lacking in large extent to the absence of tools to examine this process in vivo.
Positron emission tomography (PET) has revolutionized the study and clinical detection of neoplastic tumors. The majority of tumors demonstrate an increase in glucose uptake due to a preferential shift in metabolism under aerobic conditions toward glycolysis that is known as the Warburg effect. This increase in glucose uptake can be detected by PET following the administration of the glucose analog 2-18 fluoro-2-deoxyglucose ( 18 F-FDG). While PET has also been employed to study basal metabolism in organs such as the brain, heart, and skeletal muscle to name a few, the application of PET to the study of glucose metabolism in the kidney has not been widely utilized. In part, this is due to the complexity of dissecting out tissue signal from the background of the filtered load of 18 F-FDG and the relatively diminished affinity of tubular reabsorption for 18 F-FDG by the sodium glucose cotransporter (SGLT) compared with glucose. While these limitations may have initially slowed the application of PET to the study of kidney metabolism, we demonstrate they are surmountable, which further opens the door for the extensive potential PET has in the study of kidney metabolism.
Intravital multiphoton microscopy (MPM) is an attractive complementary approach to PET imaging for examining metabolism in animal studies. Intravital MPM provides added cellular resolution of metabolic processes within the physiological milieu of the living animal. This resolution coupled with the expanding number of fluorescently labeled substrates and probes to examine metabolic processes makes intravital MPM an attractive technique to further dissect metabolic alterations under physiological conditions and disease states.
In this study, we apply the two powerful and complementary imaging approaches of PET and MPM to examine kidney glucose tracer uptake in vivo. We demonstrate for the first time that PET can discern alterations in glucose tracer uptake by the kidney in animals. We also show that MPM can further resolve these changes in uptake to the cellular level, thus allowing the study of segmental tubular metabolism. In addition, we analyze key metabolic regulators and metabolites to provide aggregate support for a shift in kidney metabolism consistent with the changes in glucose handling by the kidney. Last, we provide additional evidence for the regulatory role of p53 in nonneoplastic cell metabolism. PET/computed tomography imaging. Before imaging, animals were induced with 3-5% isoflurane gas (balance medical air), placed on a carbon fiber imaging bed, and an aesthetic plane was maintained with 1-3% isoflurane gas. Animals were injected with 10.6 Ϯ 0.53 MBq of 18 F-FDG via the tail vein once the scanner acquisition sequence had initiated. Dynamic-high resolution 18 F-FDG PET images were acquired in list-mode for 60 min, using the IndyPETIII small-animal PET scanner. Animals were maintained isothermal by use of a 750-W convective header (P/N VH2 EH1-0020-01, Vornado). At the end of the PET imaging session, the subject and carbon fiber bed were transferred to a small-animal computed tomography (CT) imager (R9, GE Healthcare), where whole body CT images were acquired in two bed positions using a tube voltage, current, and shutter speed of 55 kVp, 1,000 mA, and 100 ms, respectively. In all cases, images were reconstructed using conventional filtered back-projection (FBP) algorithms with a 60-mm field of view into a 4D image series (3D image volumes with time), respectively. In all cases, CT images were reconstructed into a calibrated single 3D image volume using FBP and 4 ϫ 4 binning according to the manufacturer, yielding a final effective isotropic resolution of 0.160 mm. Rats were used for all PET/CT imaging experiments due to the technical limitations based on size of imaging smaller mice.
MATERIALS AND METHODS

Animal
In all cases, CT images were coregistered to 18 F-FDG PET image volumes using Analyze 11.0 (AnalyzeDirect) software based on the maximum entropy and mutual information algorithm described previously (27) . Semiautomated liver segmentation was performed on coregistered PET/CT image volumes (Analyze 11.0, AnalyzeDirect), and then data was extracted from the PET images with time. In addition, the left ventricular cavity was manually segmented to permit tracer kinetic modeling, and in all cases, CT-defined regions were applied to 3D and 4D PET images. Dynamic 18 F-FDG PET images for each animal were analyzed for kidney metabolism by simultaneously solving the following set of differential equations
where Fav, Ca, and C3 are the myocardial blood spillover fraction (5%) and arterial and cytosol concentrations of 18 F-FDG in MBq/ml, respectively. K1(ml·ml Ϫ1 ·s Ϫ1 ), k2 (1/s), and k3 (1/s) are the first-order rate constants for exchange between the blood and kidney, kidney and the blood, and the cellular incorporation into oxidative phosphorylation, respectively. Upon model convergence, the kidney metabolic rate in glucose (g)·100 g Ϫ1 ·min Ϫ1 was computed according to the following equation
where R (ml·g Ϫ1 ·min Ϫ1 ) and are the average tissue metabolic rate and tissue density for the region, respectively, and Cg is the average concentration of serum glucose.
2-Photon intravital imaging of the kidney. The fluorescent glucose analog 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxyglucose (2-NBDG) was purchased from LifeTechnologies (N13195). A total of 20 g/g 2-NBDG dissolved in normal saline was administered via the jugular vein, and intravital imaging of the kidney was performed over 50 min. In some experiments, continuous infusion of NBDG at a rate of 25 g/min for 20 min was performed. Tetramethylrhodamine methyl ester (TMRM; LifeTechnologies) was used to assess the mitochondrial membrane potential. It emits bright red fluorescence that is proportional to mitochondrial membrane potential. It was administered intravenously as a 10 g/kg bolus from a DMSO stock diluted in normal saline. Images were collected before injection and 20 min after intravenous injection of TMRM.
An Olympus FV1000-MPE confocal/multiphoton scanner was used for intravital imaging. The scanner is equipped with a Spectra Physics MaiTai Deep See laser and gallium arsenide 12-bit detectors. The system is mounted on an Olympus Ix81 inverted microscope with a Nikon ϫ20 or ϫ60 NA 1.2 water-immersion objective. The laser was tuned to 800 nm excitation for NBDG and 860 nm for TMRM. Animals were placed on the stage with the exposed intact kidney placed in a coverslip-bottom cell culture dish bathed in isotonic saline.
13 C NMR spectroscopy. Mice were infused with [U-13 C]glucose (Cambridge Isotope Laboratories) via a jugular vein catheter as follows: a bolus of 0.4 mg/g body wt (300 l) followed by a continuous infusion of 0.012 mg/g/min at 150 l/h for 150 min. Isotopic steady state has been shown to be achieved with this protocol in mice. The kidney and liver were snap-frozen and finely ground in a mortar under liquid nitrogen. Four percent perchloric acid (4ϫ the sample weight) and chloroform/tri-n-octylamine (78%/22%; 2ϫ the sample volume) were used for extraction, and the pH was adjusted to 7.1.
Proton-decoupled 13 C spectra were acquired on a 400-MHz Varian magnet and Varian VNMRS Direct Drive console using a 5-mm auto-switchable broadband probe (Varian Instruments). Proton decoupling was performed using a Waltz-16 sequence. 13 C NMR parameters included a 45°flip angle per transient, a relaxation delay of 1.5 s, an acquisition time of 1.5 s, and a spectral width of 24.5 kHz. Samples were spun at 20 Hz, with the temperature regulated at an ambient 25°C. A 2 H field-frequency lock was used. NMR spectral analyses were performed with ACD/Spec Manager 11.0 software. Free induction decays were zero-filled and multiplied by an exponential weighting function of 0.5-1.0 Hz before Fourier transformation. Resonances were assigned on the basis of the chemical shift position referenced to the glutamate C4 singlet at 34.2 ppm.
Immunostaining and pyruvate dehydrogenase enzyme activity. Tissues were fixed with 4% paraformaldehyde and subsequently processed for immunofluorescence staining. The following primary an-tibodies were used for immunostaining: TP53-induced glycolysis and apoptosis regulator (TIGAR; IN1) rabbit polyclonal (ProSci) and pyruvate dehydrogenase kinase 1 (PDK1) rabbit polyclonal (Enzo Life Sciences). Images were collected using LSM-510 Zeiss confocal microscopy. A pyruvate dehydrogenase (PDH) enzyme activity microplate assay kit (ab109902, Abcam) was used to measure PDH enzyme activity of snap-frozen kidneys according to the manufacturer's instructions.
Metabolomics. Kidneys from pifithrin-treated and vehicle-treated mice were snap frozen in liquid nitrogen and shipped on dry ice as per protocol to Metabolon (Durham, NC; www.metabolon.com), where the samples were stored at Ϫ80°C until metabolomic analysis was performed on their ultra-HPLC-tandem mass spectroscopy (UPLC-MS/MS) metabolomics platform.
Nucleotide extraction and HPLC. Kidney tissues were obtained with precooled forceps and was crushed under liquid nitrogen and suspended in 30% ice-cold acetonitrile. The supernatant was gassed with nitrogen gas to evaporate acetonitrile, and the nucleotides were assayed by HPLC (Agilent 1100 series) as previously described (3). The HPLC column used was a Nova-Pack C 18 4-m, 8 ϫ 100-mm Radial-Pak cartridge (Waters). HPLC grade nucleotide standards were used to calibrate the signals and identify peaks. Absolute nucleotide levels were adjusted for the pellet's protein content.
Statistical analyses. Data were analyzed for statistical significance with R 2.13.1 software using t-tests or ANOVA followed by pairwise t-tests with the Holm P value adjustment. Significance was set at P Ͻ 0.05. A Welch's two-sample t-test was used to identify biochemicals that differed significantly between experimental groups for the metabolomic analysis. All data are reported as means with SD. In PET/CT analysis, a two-compartment three-parameter kinetic model was used, with tissue density of 1.05 g/ml, blood volume in the kidney at 5%, and hematocrit of 45%. In Fig. 2 , we performed a nonlinear curve fitting and overlaid the fitted curves on measured values. The model used was y ϭ a*[1 Ϫ exp(Ϫb*x)]ϩc.
RESULTS
PET can discern differences in cortical glucose tracer. uptake in the kidney. To examine the utility of PET in examining glucose tracer uptake by the kidney cortex, we performed dynamic image acquisition 18 F-FDG PET and tracer kinetic modeling. The initial rapid blush of the 18 F-FDG signal that appeared was overlaid on a CT scan to obtain anatomic definition and determine a "cortical mask" that was subsequently applied to images in order to define a cortical region of interest. Applying compartmental analysis techniques, we determined the uptake rate of 18 F-FDG in the rat kidney cortex was 0.65 Ϯ 0.14 mg·100 g Ϫ1 ·min Ϫ1 as measured by PET (Fig.  1, A, B , E, and F, sham). To assess the ability of PET to . F: analysis of the TACs from PET imaging reveal the rate of glucose uptake is significantly higher in the pifithrin-␣-treated animals (2.98 Ϯ 0.75) vs. sham animals (0.65 Ϯ 0.14). PET/CT imaging experiments were not replicated in mice due to technical limitations based on animal size. discriminate differences in cortical 18 F-FDG uptake, we next sought to alter glucose metabolism by the kidney. It is known that functional loss of the transcription factor p53 can drive the Warburg effect in neoplastic cells, and mounting evidence suggests p53 is a key modulator of cellular metabolism under physiological conditions (30) . Consequently, to perturb glucose tubular metabolism and to integrate this study with our prior studies in p53 biology (4, 28, 29) , we pharmacologically inhibited p53 with pifithrin-␣ as a provocative measure to alter glucose metabolism in the renal tubular epithelium. Administration of pifithrin-␣ resulted in a 3.5-fold increase in the 18 F-FDG uptake rate of the kidney cortex (Fig. 1, C-F,  pifithrin) . We observed a similar effect on 18 F-FDG uptake in cultured renal tubular epithelial (LLC-PK) cells treated with pifithrin-␣ compared with vehicle control (data not shown).
Intravital MPM provides subsegmental analysis of tubular glucose tracer uptake. To analyze glucose tracer uptake at higher resolution, we examined proximal tubule glucose uptake in animals with intravital MPM following administration of the glucose analog 2-NBDG. We observed that uptake of 2-NBDG was more robust in the proximal tubule than in the distal tubules. 2-NBDG was more noticeable in the lumens of the distal tubule, where cellular uptake was barely detectable (Fig. 2A) . Analysis of the time-fluorescence intensity curves revealed maximal 2-NBDG uptake in the proximal tubule of mice was 2.19 Ϯ 0.26 arbitrary fluorescent units (afu)/min (Fig. 2, A and E) . To parallel our PET studies above, we administered pifithrin-␣ as a provocative measure to alter glucose metabolism in the kidney cortex. Similar to our findings with PET, maximal 2-NBDG uptake in the proximal tubules was increased in pifithrin-␣-treated animals (3.6 Ϯ 0.60 afu/min) compared with vehicle-treated animals (Fig. 2, B and E). Proximal tubule cellular 2-NBDG uptake in mice following treatment with pifithrin-␣ was particularly robust in the brush-border area (Fig. 2B) . Inhibition of p53 by pifithrin-␣ had a similar effect on 2-NBDG uptake in the rat (Fig. 2, C and 
D).
To further explore the spatial laterality of 2-NBDG uptake in the proximal tubule, we rapidly acquired images during continuous infusion of 2-NBDG (supplementary movie; all supplemental material for this article is accessible on the journal web site). We observed the cellular uptake of 2-NBDG in the proximal tubule was similar from the apical and basolateral side of the cell, suggesting uptake by both SGLT and the glucose transporter (GLUT) as observed in studies in isolated cells (2, 7, 23, 33) .
Glucose is used for glycolysis in the kidney. Given the uptake of glucose tracer by the proximal tubule and the kidney in general, we next sought to examine the metabolic fate of glucose in the kidney. [U- 13 C]glucose was administered to mice, and metabolite production was examined by NMR spectroscopy (25) (Fig. 3A) . Infusion of [U- 13 C]glucose achieved a steady-state enrichment of 40%. Although technical limitations of this type of study do not allow resolution to the level of the tubular segments, the generation of 13 C-panlabeled lactate and the pattern of 13 C-labeled glutamate and lactate demonstrate glycolytic metabolism of glucose in the kidney under physiological conditions (Fig. 3, B and C) . The flux of [U- 13 C]glucose metabolism in the kidney is qualitatively similar to that observed in the liver, consistent with the high metabolic rate of the kidney (data not shown).
Pharmacological inhibition of p53 alters metabolic enzymes in the kidney. In view of the increased uptake of glucose tracer analogs by the kidney that we observed following the pharmacological inhibition of p53 by pifithrin-␣, we next examined some of the key metabolic enzymes regulating glucose metabolism that have been reported to be regulated by p53. TIGAR is transcriptionally activated by p53. TIGAR can inhibit glycolysis through its reported fructose-2,6-bisphosphatase activity (1). We found that expression of TIGAR in the proximal tubule of animals is significantly decreased following treatment with pifithrin-␣ (Fig. 4A) .
PDK is another key metabolic enzyme regulated, albeit indirectly, by p53. PDK expression is suppressed by p53 through a microRNA 34-dependent mechanism (13) . PDK phosphorylation of PDH inactivates PDH and in so doing diminishes the flux of pyruvate from glycolysis into the TCA cycle and subsequent oxidative phosphorylation (OXPHOS). We observed that pharmacological inhibition of p53 by pifthrin-␣ significantly increased PDK expression in the proximal tubule (Fig. 4B) . Pifthrin-␣ produced a similar effect on PDK expression in cultured renal tubular epithelial (LLC-PK) cells (data not shown). Consistent with this observation, we found PDH activity in the kidney was significantly diminished following the pharmacological inhibition of p53 (Fig. 4C) . In addition, through a nonbiased metabolomics screen we found that pharmacological inhibition of p53 significantly increased the glycolytic intermediaries fructose-6-phosphate, phosphoglycerate, and phosphoenolpyruvate, which is consistent with diminished flux into the TCA cycle (Fig. 4D) .
Pharmacological inhibition of p53 alters OXPHOS in the kidney. Synthesis of cytochrome oxidase 2 (SCO2) is another important metabolic enzyme transcriptionally activated by p53 (18) . SCO2 maintains OXPHOS by facilitating the assembly of the cytochrome c oxidase complex. To examine the effect of p53 inhibition on OXPHOS, we monitored the maintenance of the mitochondrial potential difference in the proximal tubule by intravital MPM as a readout (11) of OXPHOS activity.
Pifithrin-␣ reduced the mitochondrial potential difference of proximal tubules compared with vehicle-treated animals (Fig. 5) , consistent with a decrease in SCO2 and an overall decrease in OXPHOS activity. Consistent with diminished OXPHOS activity, ATP content in the kidney of pifithrin-␣-treated animals or animals with the genetic deletion of p53 is decreased compared with vehicle-treated controls (Fig. 6A) . Furthermore, there is a significant decrease in the ATP/AMP ratio (Fig. 6B ) that can enhance glycolysis through stimulation of phosphofructokinase activity.
DISCUSSION
To a large extent, the complex structure of the kidney gives rise to its many specialized functions. However, this complexity has hampered our understanding of the relationship between cellular metabolism and transport function along the various tubular segments. Historical attempts to clarify metabolism along the tubule have utilized preparations of isolated cells, dissected tubules, or ex vivo slices. This reductionist approach has provided some insight but is limited by removing the context of the intact organ that may influence cell and tubular metabolism. Flux studies of isolated, perfused kidneys have provided metabolic information within the context of the organ, but the signal is an aggregate readout from the heterogeneous structures of the kidney and thus lacks resolution to the level of the tubular segments. However, imaging modalities, combined or alone, are evolving to be powerful tools for the clinical and preclinical evaluation of metabolism within the context of the whole organ. PET has gained considerable attention in the past several decades as an in vivo imaging modality of metabolism. Application of PET to study metabolism in the kidney has had a somewhat slower trajectory because the most widely used tracer, 18 F-FDG, is handled by the kidney in a complex manner. Compartments to be consid- Fig. 4 . Inhibition of p53 promotes metabolic alterations in the kidney consistent with an increased glycolytic flux. A: representative confocal images of TP53-induced glycolysis and apoptosis regulator (TIGAR) immunofluorescent staining (blue) in the cortex of kidneys from sham animals (vehicle control ϭ DMSO) and animals treated with pifithrin-␣. Right: quantitation of TIGAR immunostaining. B: representative confocal images of pyruvate dehydrogenase kinase 1 (PDK1) immunofluorescent staining (yellow) in the cortex of kidneys from sham animals (vehicle control ϭ DMSO) and animals treated with pifithrin-␣. Right: quantitation of PDK1 immunostaining. C: pyruvate dehydrogenase (PDH) activity in kidney homogenate obtained from sham animals (vehicle control ϭ DMSO) and animals treated with pifithrin-␣. Each tracing represents an individual animal, P Ͻ 0.001. D: data plots of key glycolytic metabolites as determined by a nonbiased metabolomics screen using ultra-high performance liquid chromatography-tandem mass spectroscopy. Each data point represents the measured metabolite from an individual animal in the associated treatment group as a scaled intensity compared with an internal standard. ered in the handling of 18 F-FDG include a blood compartment, a intracellular component from reabsorption and metabolism, and a urinary compartment from filtration and excretion (5). In particular, 18 F-FDG in the pelvis of the kidney can obscure the signal in the kidney parenchyma. This barrier can be addressed by extending the time of image acquisition after excessive tracer is eliminated.
We used a similar approach in this study to model the rate of 18 F-FDG uptake by the kidney cortex. Our findings in the animal studies provide further proof of concept that PET imaging has the capacity to discern changes in cellular glucose utilization following a provocative maneuver that can alter metabolism. Our animal studies are unique in that they examine differences in the tubular intracellular compartment under basal physiological conditions following a pharmacological manipulation to alter cell metabolism. In contrast, prior studies utilizing PET to study 18 F-FDG distribution in the kidney examined either disease states where there was a combination of altered glomerular filtration rate and uptake by inflammatory cells (10, 22) or changes in the excretory compartment in non-disease states following pharmacological manipulation (5).
Recently, we have begun to explore the clinical applicability of PET to examine 18 F-FDG uptake in the kidney cortex of humans without clinical evidence of kidney disease but with and without diabetes mellitus. Early observations suggest PET could be a tool for discerning fundamental differences in glucose utilization by the kidney that could have prognostic implications in patients with type II diabetes mellitus. Granted, much further study is required before this can be plausibly put forth as a working hypothesis. The development of PET tracers that can be used to exploit specific aspects of metabolism (6, 12, 19, 36) is expanding rapidly. The further development of tracers with specificity for metabolic pathways and selectivity for cell types will further enhance the appeal of PET as a noninvasive tool to study metabolism in health and disease, as well as the impact of therapeutic maneuvers in both clinical and preclinical studies.
As previously mentioned, one of the obstacles of prior studies in kidney metabolism was the lack of resolution to correlate function with metabolism at a specific segment of the kidney. Our PET studies were able to resolve the cortex from the medulla, but that was the limit. Consequently, we used intravital MPM to monitor the cellular uptake of the fluorescent glucose analog 2-NBDG as a complement to PET for examining cellular glucose tracer uptake in the living animal. Similar to 18 F-FDG in PET, 2-NBDG in optical microscopy has experienced growing application for both preclinical and clinical studies of cancer (8, 16, 21) . Our findings with 2-NBDG and intravital MPM in the proximal tubule of rodents were parallel to our findings with 18 F-FDG and PET in the cortex of the kidney. Considering that proximal tubules make up the bulk of the tubules in the cortex, this may not be surprising. Importantly, our study demonstrates the feasibility of using 2-NBDG to examine glucose metabolism at a cellular resolution in the kidney of a living animal. In this study, we again used TMRM and intravital MPM to examine mitochondrial function in the kidney, similar to previous studies by us and others (9, 11) . The application of 2-NBDG and TMRM to examine different aspects of metabolism underscores the emerging power of intravital MPM to study metabolism especially as the number of fluorescent probes for various pathways grows.
Both our PET and intravital MPM studies utilized tracers that are 2-deoxyglucose (2DG) analogs. These compounds are taken up by cells and phosphorylated by hexokinase in the cytosol to 2-deoxyglucose-6-phosphate compounds (2DG6P). The resulting products are asymmetric because of the substituted 2-deoxy position and are not further metabolized in the glycolytic pathway. Although phosphatases can convert the 2DG6P analogs back to 2DG analogs, this step has been shown to be relatively slow (Ͼ2 h) (26) . Therefore, the tracers accumulate in the cytosol in direct proportion to uptake into the cell and the rate of phosphorylation by hexokinase. Pifithrin and/or p53 is not known to alter the activity of hexokinase or glucose-6 phosphatases; thus the alterations in glucose tracer uptake we observed likely represent accommodation for downstream changes in glucose metabolism. As previously mentioned, both of these tracers have relatively less efficient transport than glucose through SGLTs. This limits the application of these techniques for the strict kinetic study of vectorial glucose transport in the living kidney tubule or other tissues. Nonetheless, the change in uptake of these tracers suggests an underlying difference in glucose metabolism just as they reflect changes in underlying glucose metabolism of malignant tumors. As mentioned previously, the continued development of probes for applications in this type of imaging will provide additional mechanistic insights.
In our study, we used the pharmacological inhibition of p53 as a provocative maneuver to alter cellular metabolism. Regulation of cellular metabolism is a rapidly emerging role that has been ascribed to p53. The evolving metabolic theme is that loss or inhibition of p53 function activates glycolysis and suppresses OXPHOS (35) . The vast majority of the studies examining the role of p53 in metabolism are derived from malignant cells although consistent with these studies the genetic loss of p53 function has been demonstrated to decrease aerobic metabolism in muscle (20). In addition, Kim et al. (14) have recently demonstrated that inhibition of the p53 regulated-enzyme TIGAR in proximal tubules alters glycolytic flux and is protective in a model of ischemic AKI. Our observations that acute pharmacological inhibition of p53 1) increases glucose tracer uptake by the proximal tubule, 2) decreases proximal tubule TIGAR, 3) increases proximal tubule PDK1, 4) decreases cortical PDH activity, 5) decreases proximal tubule mitochondrial membrane potential, and 6) increases the relative amount of select glycolytic intermediates in the kidney are cumulatively consistent with a switch toward glycolytic metabolism in the proximal tubule. Granted, technical limitations in some of these studies did not allow resolution to the level of proximal tubule, but they suggest further study is warranted as this metabolic switch in the proximal tubular cell could provide a metabolic survival advantage when threatened under stressed local environments similar to the survival advantage that neoplastic cells with the genetic loss of p53 have in similar local environments.
In summary, our findings in the aggregate 1) demonstrate the ability of 18 F-FDG PET to discern metabolic changes in the kidney that has the clinical potential to be applied to a wide variety disease processes and pharmacological trials, 2) reveal an innovative application of intravital microscopy to investigate glucose tracer uptake in vivo, and 3) provide original evidence for the capacity of acute, transient p53 inhibition to shift kidney metabolic flux. 
